The simplified SH3 domain sequence, FP1, obtained in phage display selection experiments has an amino acid composition that is 95% Ile, Lys, Glu, Ala, Gly. Here we use NMR to investigate the tertiary structure of FP1. We find that the overall topology of FP1 resembles that of the src SH3 domain, the hydrogendeuterium exchange and chemical shift perturbation profiles are similar to those of naturally occurring SH3 domains, and the 15 N relaxation rates are in the range of naturally occurring small proteins. Guided by the structure, we further simplify the FP1 sequence and compare the effects on folding kinetics of point mutations in FP1 and the wild-type src SH3 domain. The results suggest that the folding transition state of FP1 is similar to but somewhat less polarized than that of the wild-type src SH3 domain.
Naturally occurring proteins are made from the 20 amino acids encoded by the modern genetic code. However, it has been argued (Osawa et al. 1992 ) that early in the history of life, the modern genetic code evolved from a simpler code representing only a handful of amino acids. Is this possible? Recent success in protein design has demonstrated that helical proteins can be built from simplified amino acid alphabets. Regan and coworkers (Munson et al. 1994 (Munson et al. , 1996 produced variants of the helix-bundle RNA-binding protein with highly simplified hydrophobic cores. The structure of a designed four-helix bundle protein, DHP, built from seven amino acids, was determined to 2.9 Å resolution and found to be nearly as well packed as native proteins (Schafmeister et al. 1997 ). T4 lysozyme with 10 core residues replaced with methionine folds to a partially active and thus presumably very native-like conformation (Gassner et al. 1996) . The phage 434 Cro protein with 11 out of 13 core residues replaced with leucine exhibits the folding cooperativity and nuclear magnetic resonance (NMR) dispersion expected for a fully folded protein (Desjarlais and Handel 1995) .
Here we characterize the tertiary structure of the simplified 57-residue ␤-sheet protein FP1 previously obtained from a combinatorial phage-display library based on the src-SH3 domain (Riddle et al. 1997 ; see Table 1 for sequence comparison between FP1 and src-SH3). The FP1 scaffold that supports the proline-rich peptide binding site of the SH3 domain is 95% Ile, Lys, Glu, Ala, and Gly. Previous qualitative structural characterization by gel filtration chromatography, circular dichroism, and NMR indicated that FP1 is folded. Compared to the wild-type src SH3, it is slightly destabilized, folds approximately twice as fast, and unfolds five times as fast. It binds to a proline-rich peptide ligand 20 times more weakly than the wild-type src SH3. In this study, we used NMR techniques to determine the structure of FP1, and we found that the topology of FP1 is very similar to that of the wild-type SH3. Further simplification of the FP1 sequence was achieved by simplifying the binding residues that were kept constant in the previous design strategy (Riddle et al. 1997) , and the folding of the variants is compared to that of corresponding variants of the wild-type src-SH3 domain.
Results

NMR structure determination
The FP1 structural characterization was carried out in 50mM sodium phosphate, 90% H 2 O/10%D 2 O, pH 6.0 with 400 mM sodium sulfate. The initial comparison of the 15 N-HSQC spectra of src-SH3 and FP1 (Fig. 1) showed that the chemical shift dispersion of the amide protons of FP1 (from 7.0 ppm to 10.0 ppm), is comparable to that of src SH3, suggesting that FP1 is folded.
Hydrogen-deuterium (H-D) exchange rates for the backbone amides of FP1 were measured to determine the accessibility of the backbone to solvent. Figure 2A shows the free energy for H-D exchange for the protected amides in FP1. With the exception of the last several residues at the Cterminus, the H-D exchange pattern is very similar in FP1 and the wild-type src SH3 ( Fig. 2B ; Grantcharova and Baker 1997) .
To determine the tertiary structure of FP1, the resonance assignments of 13 C ␣ , 13 C ␤ , 15 N, and 1 H-N for the simplified protein FP1 in solution were carried out using standard 3D-triple-resonance NMR experiments (HNCA, HNCOCA, HNCACB, and CBCACONH). The sidechain proton assignments were obtained from 3D-HCCH-TOCSY, and 3D-HCCH-COSY experiments in combination with 3D-15 Nedited NOESY-HSQC, 3D-13 C-edited NOESY-HSQC experiments (about 95% of proton resonances were assigned).
13 C ␣ and 13 C ␤ chemical shifts are predominately determined by the backbone conformation, and the chemical shift differences from the random coil values, ⌬ 13 C ␣ and ⌬ 13 C ␤ (Ikura et al. 1991; Wishart and Sykes 1994) , are indicators of secondary structure in folded proteins. In general, 13 C ␣ resonances are shifted downfield by an average of 2.6 ppm for ␣-helices, and shifted upfield by 1.7 ppm for ␤-sheets. The correlation of ⌬ 13 C ␣ and ⌬ 13 C ␤ values with secondary structure is enhanced by calculating (⌬ 13 C ␣ − ⌬ 13 C ␤ ) for each residue (Metzler et al. 1993; Constantine et al. 1997) . Also, whereas the individual ⌬ 13 C ␣ and ⌬
13
C ␤ values depend on the exact 13 C chemical shift referencing (Wishart and Sykes 1994) , (⌬ 13 C ␣ − ⌬
C ␤ ) does not, provided that the 13 C ␣ and 13 C ␤ chemical shifts are taken from spectra that are similarly referenced. The (⌬ 13 C ␣ − ⌬ 13 C ␤ ) values for FP1 are shown in Figure 3A . Because the ⌬ C ␤ are negative, indicating that FP1 contains primarily extended local structure with little helical content as in drk-SH3. The magnitude of (⌬ 13 C ␣ − ⌬ 13 C ␤ ) of the FP1 in general is somewhat smaller than that of the drk-SH3, and no three consecutive residues in FP1 have (⌬ 13 C ␣ − ⌬ 13 C ␤ ) values above 3ppm, The numbering system for FP1 starts at 9. The residues in blue were binding residues that were kept unchanged during the combinatorial phage-display experiment (Riddle et al.1997) ; the other residues were allowed to be one of Ile, Glu, Lys, Gly, or Ala in the original oligonucleotide design. The residues in FP1 that are Ile, Glu, Lys, Gly, and Ala are highlighted in red. The "." indicates a deletion in FP1. suggesting some structural averaging. This is also supported by the measurement of three-bond coupling constants of J HN␣ : No three consecutive residues in FP1 have J HN␣ values all greater than 9.0 for the ␤-sheet conformation or all smaller than 5.0 for the ␣-helix conformation (data not shown). However, the overall pattern of (⌬ 13 C ␣ − ⌬ 13 C ␤ ) is remarkably similar in FP1 and the drk SH3 domain, suggesting a similar distribution of secondary structure propensity.
The tertiary structure of FP1 was investigated by collecting a total of 826 distance constraints for residues Glu9-Glu64 from a 120-msec 3D 1 H-15 N NOESY-HSQC and a 120-msec 3D 1 H-13 C NOESY-HMQC, and a total of 40 dihedral-angle constraints from a J-modulated HSQC experiment and a 3D HNHB experiment. X-PLOR was used to calculate 100 initial structures based on the distance and dihedral-angle constraints provided by the NMR experiments. Fifty-two of the 100 structures satisfied the selection criteria of no NOE constraint violations > 0.3 Å, no dihedral angle constraint violations > 3°, no deviations from ideal bond length > 0.03 Å, and no deviations from ideal geometry > 3°. The precision and quality of the structures, and the root mean square deviations (RMSD) are summarized in Table 2 . An overlay of 10 final structures of FP1 is shown in Figure 4 . The average RMSD of the 52 final calculated structures (residues 9-64) from the averaged structure coordinates are 1.52 Å for the backbone atoms and 2.22 Å for the heavy atoms. Residues 14-28 are much less well defined compared to the rest of the structures because of a very low density of medium-and long-range NOEs. The hydrophobic residues Phe10, Ile11, A12, Leu32, Ile34, Ile35, Trp42, ⌬G HD was calculated using ⌬G HD ‫ס‬ −RTln(k obs /k rc ) assuming the exchange is under EX2 condition (Bai et al. 1994) . (A) FP1 in 50 mM sodium phosphate (pH 6.0) and 400 mM sodium sulfate. (B) The wild-type src-SH3 in 50 mM sodium phosphate (pH 6.0). Ala44, Ala46, Ile55, Pro56, Ala57, and Ile60 are packed in the core of the protein. No regular secondary structure elements could be consistently assigned within the accepted FP1 structures, consistent with the chemical shift perturbation results described above. As shown in Figure 5 , the overall topology of FP1 is very similar to the c-src SH3 NMR structure (Yu et al. 1992) .
15 N NMR relaxation measurements were also performed to assess the backbone dynamics. The T 1 and T 2 of the backbone 15 N in FP1 are 0.58 ± 0.03 (sec) and 0.084 ± 0.013 (sec) respectively. The 15 N-1 H heteronuclear NOEs are 0.69 ± 0.08. These results are comparable to those of naturally occurring proteins with similar sizes. In summary, the overall topology, hydrogen bonding pattern, and chemical shift perturbation profile of FP1 are remarkably similar to those of the naturally occurring SH3 domains, and the relaxation data suggest similar levels of backbone motions.
Further simplification
The previous simplification of SH3 was achieved restricting nonfunctional residues to a five-letter alphabet: the nonpolar residue isoleucine (I), the polar residues lysine (K) and glutamate (E), alanine (A) for core positions, with not enough space for isoleucine and glycine (G) for conformational flexibility in turns. Is it possible to further simplify the sequence and retain the ability to fold? Four single-point mutations were made in FP1, Y14A, D23A, L32I, and S49A, to investigate this possibility. Y14 and D23 are involved in binding to the proline-rich peptide, and were kept unchanged in the previous simplification strategy, which relied on the peptide binding activity. The isoleucine substitution for leucine at position 32 is aimed to further simplify the hydrophobic composition of FP1. S49 may play an important role in folding of FP1, because T50 in SH3 plays an important role in the folding of the wt. src-SH3 domain (Riddle et al. 1999) . The point mutations are all highlighted in the FP1 averaged structure (Fig. 6A) .
Y14A and D23A were expressed to a significant level, whereas S49A was poorly expressed. They are all less stable than the original FP1, as shown in Table 33 , but S49A is more dramatically destabilized than Y14A and D23A. L32I was so poorly expressed that a reasonable amount of protein . Square-well potentials were used for NOE and dihedral constraints. c Calculated using the param19x.pro CHARMM energy function. This term is used only for calculation of the Lennard-Jones energy term and not during the simulated annealing refinement. d Ramachandran plots calculated using PROCHECK-NMR.
could not be obtained for thermodynamic and kinetic study. These results suggest that the sequence of FP1 can be further simplified at exposed positions, but not in the protein core.
Folding kinetics
Previous studies (Riddle et al. 1999 ) demonstrated that the distal ␤-hairpin is formed in the transition state and is critical for the folding of the SH3 topology. Residues A45 and G51 play important roles in the folding transition of src SH3, and the corresponding mutations were made in FP1 (A44G and G50A) to investigate whether it has a folding mechanism similar to that of the wild-type SH3. Figure 6B shows the folding profiles of Y14A, D23A, A44G, and G50A in comparison to that of FP1, and Table 3 lists the kinetic parameters for the mutants. Y14 in FP1, like Y14 in SH3, does not have much impact on either folding or unfolding. As in the wild-type SH3, the D23A mutant in FP1 does not have a significant effect on folding. However, the D23A mutant increases the unfolding of FP1 by 4.5-fold, whereas the unfolding of src SH3 was only increased twofold by the corresponding substitution. A44G in FP1 slows down the folding by threefold and has little effect on the unfolding, whereas A45G in SH3 slows down the folding by sixfold and has little effect on the unfolding. S49A in FP1 slows down the folding by threefold, but accelerates the unfolding by threefold, whereas T50A in SH3 slows down the folding by 13-fold, but has a minor effect on the unfolding. G50A in FP1 decreases the folding rate by twofold and increases the unfolding rate by twofold, whereas G51A in SH3 decreases the folding rate by eightfold and has no effect on the unfolding rate. The lower values associated with the A44G, S49G, and G40A mutations in FP1 compared to src SH3 (Table 3) suggest that FP1 has a less polarized folding transition state than that of src SH3 (Riddle et al. 1999) .
Discussion
NMR characterization of the tertiary structure of FP1 reveals that the protein has the overall SH3 domain fold. The hydrogen bonding pattern and the chemical shift perturbation profiles are remarkably similar to those of naturally occurring SH3 domains, and the 15 N relaxation rates are in the range of those of small native proteins, suggesting that FP1 is nearly as well ordered as naturally occurring proteins. The fact that we were able to determine an NMR solution structure for FP1 sets it apart from most designed all-␤ proteins, which for the most part have had very poorly resolved NMR spectra. (Our recent results with computational protein design highlight the difficulties with designing all-␤ proteins: Of nine ␣, ␣␤, and all-␤ proteins completely redesigned using the method described by Kuhlman and Baker (2000) , the only protein to be unfolded under physiological conditions was a completely redesigned SH3 domain). The relatively well defined NMR spectrum of FP1 compared to other designed all-␤ proteins may reflect the selection for function used to obtain FP1 initially-protein function is likely to put greater constraints on the mobility of the structure than overall folding. A striking feature of the folding mechanism of the src, spectrin (Martinez and Serrano 1999) , and Fyn SH3 domains (Northey et al. 2002) is the polarization of the folding transition state: Part of the structure is largely formed and the rest, largely disrupted at the rate-limiting step in folding. The limited number of values we were able to obtain for FP1 suggest that this polarization is somewhat decreased in the simplified protein. In src SH3, Y14A has a value close to zero, whereas A45G, T50A and G51A have values close to 1.0. In FP1, the value of Y14A is increased to 0.20, and the values of the latter three mutations are all below 0.8. In the wild-type protein, favorable specific interactions between the distal ␤ hairpin and the diverging turn may be sufficient to overcome the entropy of ordering additional residues, whereas partial disruption of some of these interactions in the course of simplification of FP1 may necessitate the formation of a large fraction of the protein structure to overcome the entropic barrier to folding.
Materials and methods
Sample preparation
FP1 was cloned into pET 15b (Novagen) and transformed into BL21 (DE3/plysS) cells, and protein was overexpressed. The construct contains an N-terminal 6 X His-tag to facilitate purification. The His-tag was not removed in this study. All mutants were made using the Quick Change site-directed mutagenesis kit (Stratagene). All mutants were sequenced to ensure that the mutagenesis was successful, and the purified proteins were verified by mass spectrometry. 
NMR experiments
All spectra were collected at 22°C on a four-channel Bruker DMX 500 MHz spectrometer equipped with a triple resonance, triple axis gradient probe. The backbone assignments were accomplished by straight-forward 3D-triple resonance experiments of HNCA, HNCOCA, HNCACB, and CBCACONH. The sidechain assignments were obtained from a 3D-HCCH-TOCSY, 3D-HCCH-COSY, and 120-msec 3D- N-HSQC experiments were collected to obtain the J HN␣ coupling constants in order to derive the backbone angle constraints for structural determination. A 3D-HNHB experiment was also carried out in order to gain some 1 angle 
NMR data processing
NMR data were processed with NMRPipe software (Delaglio et al. 1995) . Spectra were typically linearly predicted in the indirectly detected dimensions, apodized with a /3-shifted sine bell square in both dimensions, and zero-filled. The NOESY spectra used in the structure determination were first multiplied by a /2-shifted sine bell squared function and zero-filled to double the number of data points before Fourier transformation. The program PIPP (Garrett et al. 1991) was used for NOE crosspeak assignments and measurement of peak intensities.
Hydrogen-deuterium exchange
H-D exchange experiments were carried out by acquiring a series of 15 N-HSQC spectra immediately after dissolving lyophilized FP1 protein in deuterated buffer. The exchange rates were estimated as described (Yi et al. 1996) .
Structure calculation
Two NOESY spectra of 3D-15 N-edited NOESY-HSQC and a 120-msec 3D-13 C-edited NOESY-HSQC were assigned and translated to 823 distance constraints classified as strong (1.80-3.0 Å), medium (1.80-4.5 Å), weak (1.80-5.5 Å), or very weak (1.80-6.0 Å). Twenty-seven angle constraints and 13 1 angle constraints were obtained from the J-modulated HSQC series and 3D-HNHB experiment, respectively. Most angle constraints were allowed to vary by ±30°, and some were allowed to vary by ±50°. Structure calculations were carried out with X-PLOR using the standard substructure-embedding and simulated-annealing protocols of dg_sub_embed.inp, dgsa.inp, and refine.inp (Nigles et al. 1988; Brunger 1993) . Some minor modification was made to dgsa.inp and refine.inp protocols with the starting temperature at 2500 K and the 5000 cooling steps. In addition, the chirality of nonstereospecifically assigned methyl and methylene protons was evaluated using the X-PLOR protocol swap15v.inp (Nigles et al. 1988; Folmer et al. 1997) . Distance constraints involving the degenerate resonances of methyl and methylene protons were averaged.
Biophysical characterization
Biophysical characterization of all the mutants was performed at 22°C in 50 mM sodium phosphate, pH 6.0. The kinetics of folding and unfolding were determined by stop-flow fluorescence using a Bio-Logic SFM-4 stopped-flow instrument. All kinetic data were analyzed using a two-state model as described (Scalley et al. 1997) . The ⌬⌬G and ⌽ values listed in Table 2 for the mutants were calculated from the folding rates at 0.23 M guanidine, and the unfolding rates at 3.86 M guanidine without extrapolation to 0 M guanidine, as described (Riddle et al. 1999) . Riddle et al. (1999) . d Kinetic parameters are from Riddle et al. (1997) .
